Single crystals of six inclusion compounds formed between aliphatic ketones and urea were x irradiated at room temperature, and the free radicals produced were investigated by electron spin resonance. The six ketones investigated were 2-nonanone, 6-undecanone, 3-tetradecanone, 2-undecanone, 2-dodecanone, and 3-undecanone. The long-lived free radicals observed in all of these compounds (RCHsCHCOR') are formed by the removal of one a proton from the parent ketone. The unpaired spin density in the 2p orbital adjacent to the carbonyl group is 0.81±0.08. A contour plot of the spin density as a function of the molecular orbital parameters is given. In qualitative agreement with the ESR results, the molecular orbital methods predict the position of maximum spin density to be adjacent to the carbonyl group.
INTRODUCTION
THE free radicals produced in a series of x-irradiated aliphatic ester-urea inclusion compounds have recently been investigated by electron spin resonance (ESR) .1 The use of an inclusion compound has the distinct advantage over a low-temperature glass or powder in that all of the guest molecules of the compound are magnetically equivalent at one or more crystalline directions. Only one ester radical (RCHCOOR') and no urea radicals were detected after x irradiation. The ester-urea single crystals were investigated as a function of temperature and of orientation in the magnetic field, and information regarding the structure and motion of the ester radical was obtained. It is of interest to investigate other aliphatic molecules by this method. In particular, the aliphatic ketone molecules are of interest because of the presence of only one oxygen atom. This simplifica tion in structure makes possible a more quantitative investigation of the x-ray-produced ketone radicals. In this paper the radicals in a series of x-irradiated ketone-urea inclusion compounds are identified, the coupling constants are given, and the experimental and theoretical positions of maximum spin density are determined.2
EXPERIMENTAL
Single crystals of the inclusion compounds formed between urea and the aliphatic straight-chain ketones were grown from a methanol solution by either slow evaporation or by slow cooling. In all cases ketones were chosen which gave the best quality of urea inclu-* Supported by the National Science Foundation under Grant
No. t National Science Foundation Predoctoral Fellow.
1 Contribution No. 3177. 10. H. Griffith, J. Chem. Phys. 41, 1093 (1964 , in the follow ing referred to as I. 2Although the ketone radical (RCHCOR') has undoubtedly been mentioned in interpretations of powder or low-temperature glass ESR spectra, we are unaware of any previous systematic investigation of this type of radical in an oriented matrix. sion crystals and, therefore, the lengths of the ketone molecules studied are somewhat arbitrary. The crystals obtained were either hexagonal needles or flat hexagonal plates and were stable for several months in air at room temperature. The 2axis of the Cartesian crystalline coordinate system is defined to lie along the needle axis of the urea compound, and therefore the 3 axis is parallel to the six faces of the hexagonal prism. The x and y axes are not specified other than that they lie in a plane perpendicular to the needle axis of the crystal. The morphology of the ketone-urea crystals is typical of the morphology of crystals formed between urea and and a variety of long straight-chain molecules.3 The ketone molecules are therefore expected to exist in an extended zigzag conformation in the hollow (hexagonal) cavities formed by the urea molecules.4 We assume this to be the case throughout the following discussion, although no crystallographic data have been reported for the ketone-urea compounds studied in this paper.
The x-ray apparatus, X-band ESR spectrometer, modulation amplitude, and calibration standards were the same as employed in I. A conventional small Dewar connected by means of a transfer tube to a liquid helium Dewar was used to cool the crystals below room temperature. The rate of cold helium gas flow was controlled by varying the power dissipated in a resistor located inside the liquid helium Dewar. A heated nitrogen gas flow system was used to obtain temperatures above room temperature. Crystals of the 6-undecanone-urea compound were heated to~325°K for a few minutes prior to recording the final ESR spectra to remove small quantities of additional radicals.
The lines due to these radicals were not sufficiently resolved to allow identification of the radicals. The other x-irradiated ketone-urea inclusion compounds listed in Table I were not heated before obtaining the ESR spectra. For any given inclusion compound, the major lines of the ESR spectra were independent of the ratio of the ketone to urea in the methanol solution and to the length of time the crystals were x irradiated. 
RADICAL IDENTIFICATION
The ESR spectra obtained for the x-irradiated 2-nonanone, 6-undecanone, and 3-tetradecanone-urea inclusion compounds are given in Figs. 1-3. The ESR hyperfine pattern of the 2-nonanone-urea crystal results from two nonequivalent but nearly isotropic proton coupling constants and one anisotropic proton coupling Fig. 1 . The room-tempera ture ESR spectra of an x-irra diated 2-nonanone-urea crystal with the magnetic field vector (a) 70°from the z axis and (b) parallel to the z axis. The reconstructed "stick" spectra of the CH3COCH(CH2)6CH3 radical for these two orienta tions are given below the ob served spectra. 0 These radicals are formed from the parent compound by the removal of one a proton. The parent ketones are, from top to bottom, 2-nonanone, 6-undecanone, 3-tetradecanone, 2-undecanone, 2-dodecanone, and 3-undecanone.°" These two radicals each exhibit three magnetically equivalent j3 protons <IOOMc/sae Fig. 2 . The room-temperature ESR spectra of an x-irradiated 6-undecanone-urea crystal with the magnetic field parallel to the xy plane and along the z axis, respectively. The reconstructed spectra of the CH3(CH2)4COCH(CH2)3CHs radical are given below the observed spectra. constant. The lines are further split by three small proton coupling constants which are resolved only at certain orientations of the magnetic field. The ESR spectra obtained for the 6-undecanone-urea crystal are similar except that the small splittings arise from two equivalent proton coupling constants. Finally, the ESR spectra obtained for the 3-tetradecanone-urea crystal may be constructed from three equal and nearly isotropic proton coupling constants, one anisotropic coupling constant, and two approximately equivalent coupling constants of much smaller magnitude than the other four. Therefore, the only logical choices for the radicals produced in the 2-nonanone, 6-undecanone, and 3-tetradecanone urea inclusion compounds are, respectively,
and the magnitudes and assignments of the proton coupling constants are given in Table I .6 In agreement with results obtained for other radicals, the /3-proton 6The convention for the labeling of protons (a, /3, 7, f) and carbon atoms (&, C2, C3) used here is
coupling constants are very nearly isotropic and the a-proton coupling constants are anisotropic. The small splittings result from the f-proton coupling constants. Splittings due to the 7-protons are not resolved.
Three other ketones, 2-undecanone, 2-dodecanone, and 3-undecanone, were also investigated, and the results are summarized in Table I . The radicals ob served in all ketone-urea inclusion compounds may be thought of as being formed by the removal of one hydrogen atom from the a position of the parent ketone, and there was no evidence for stable paramag netic sites associated with the urea molecules. The g values of all six radicals were measured at room tem perature and were found to be the same within experi mental error. The average g values and the estimated error with the magnetic field parallel and perpendicular to the 2 axis, respectively, are g(2)=2.0040±0.0003 and g{xy) = 2.0044±0.0003. Asmay be seenfrom Fig. 3 , the ESR spectra of the x-irradiated 3-tetradecanoneurea compound are complicated by the presence of one or more additional radicals. All radicals present have roughly the same thermal stability, and it was not possible to greatly change the relative concentrations of the radicals by either heating the crystal or subjecting the crystal to ultraviolet light. However, the outermost unidentified doublet is split by two small and approxi mately equivalent coupling constants. From further considerations of the magnitudes of the various split tings it appears that all major unidentified lines can be assigned to the radical CH3CH2COCH(CH2)9CH3. An analogous situation occurs in the case of the x-irradiated 3-undecanone-urea compound. We will not be con cerned further with these additional radicals since a well resolved example of a nearly identical radical is present in the 6-undecanone-urea crystal.
All of the above radicals were remarkably stable. The radical concentrations remained approximately constant during the several hours of room-temperature experimentation. However, the concentrations of the radicals decreased slowly as the crystals were heated and the ESR signals disappeared at temperatures well below the melting points of the crystals.
EXPERIMENTAL DETERMINATION OF THE SPIN DENSITY pC*» a. From a-Proton Coupling-Constant Data
It is apparent from the data of Table I that the ketone radicals are very similar to the previously re ported carboxylic acid6 and ester1 radicals. That is, there is a large spin density associated with Carbon Atom 2, a small spin density associated with Carbon Atom 1, and presumably a small spin density associated with the oxygen atom. These are evidently ir-electron spin densities and are referred to as pC2T, pCiT, and pOT, respectively. (It is shown later that the 7r-electron assumption is supported by all available data.) We immediately limit the discussion to pCf since this diagonal spin-density matrix element is so much larger than the adjacent one, pCi', that the off-diagonal elements of the spin-density matrix7 may well dominate pCiT. This means, in effect, that the estimate of pdw obtained from the coupling-constant data by the usual methods may be highly unreliable. The value of pC2T, on the other hand, may be obtained by two independent methods and, therefore, pCf can be obtained with good accuracy. The procedure followed here is as follows: the value of pCV is estimated from the aproton coupling-constant data and from the /3-proton coupling-constant data; the theoretical values of pC2x are obtained as a function of the molecular orbital parameters and these spin densities are then compared to the experimental pC2T.
The maximum value of the a-proton coupling con stant a" occurs when the magnetic field is parallel to the 3 axis and the minimum value of a" occurs with the magnetic field perpendicular to the z axis of the crystal. These two values of a" are referred to as a," and axya, respectively, and they are the same within experimental error for all ketone radicals studied ( Table I ). The first step in obtaining the spin density is to extract the isotropic contribution, cuf, from axy" and a,". This is somewhat more troublesome for included radicals than for radicals rapidly tumbling in solution or rigidly held in a crystal lattice, because molecular motion in the urea inclusion compounds averages a portion, but not all, of the anisotropic proton-electron hyperfine interaction.
In I, the equation
was used to obtain a0" from experimental values of axya and aza. This simple relation will also be useful in obtaining an approximate value of a0a for the ketone radicals. In obtaining Eq. (4), the a-proton tensor elements in the xy plane are assumed to be averaged by molecular motion. This averaging can be accom plished by various types of motion. The tensor elements are obviously averaged by rapid rotation of the radicals about the crystalline z axis. They are approximately averaged if the amplitude of the radical motion in the xy plane is greater than~80°and all bond positions in this range are equally probable (the residual few megacycles per second anisotropy would have a negligi ble effect on the splittings but could inhomogeneously broaden the ESR lines). The tensor averaging would also be accomplished provided that each radical executes a random walk among the orientations related by an »-fold axis of symmetry parallel to the crystalline z axis (w>3 the crystal. All of the above types of motion are, in principle, allowed by the general structure of the inclusion crystals.8
For each of the six ketone-urea compounds reported in Table I , the room temperature spectra recorded with the magnetic field perpendicular to the crystalline z axis remained unchanged as the crystal was rotated about the s axis, but were anisotropic with respect to arbitrary rotations of the crystal. This behavior is typical of all included radicals studied thus far and it results from the motional averaging of the tensor ele ments in the xy plane. As a final check of Eq. (4) for such a radical, the value of ao, obtained from this equa tion and the included acid radical ESR data, was compared to tfo reported for similar radicals in "rigid" dicarboxylic acid crystals.1 The two values were identical within experimental error and this provides a partial justification of the use of Eq. (4) for other included radicals. Assuming Eq. (4) to be valid for the ketone radicals, a0"=51±2 Mc/sec for all six ketone radicals of Table I . The x-electron spin density on Atom 2, pC2T, may now be obtained from McConnell's wellknown equation,9 aoa=QpCr, where Q is a proportion ality constant and pCT is the x-electron spin density on the carbon atom bonded to the a proton. A good estimate of Q is 62.7 Mc/sec. This number is the value of a<f reported by Fessenden and Schuler for the ethyl radical (CH3CH2, pC^unity) .10 Taking Q to be The value of pC2T may also be obtained from the ketone /3-proton coupling constants. The /3 protons undergo motion with respect to the x orbital on C2 and the value of pC^cannot, in general, be obtained without a knowledge of the nature of the motion. However, the methyl group attached to Carbon Atom 2 of the 3-tetradecanone radical is rotating (or under going large amplitude oscillations) at frequencies large compared to the /3-proton hyperfine frequency, as is evidenced by the equivalence of the three /3 protons.
8 Equation (4) is actually more general than suggested by these arguments. Limited motion out of the xy plane is certain to occur in these crystals and Eq. (4) is still applicable for this situation. Equation (4) would also be applicable in the limiting case of spherical averaging of the C2-H" bonds in the crystal since for this case axya -aza (this extremely large freedom of motion has not occurred in any system investigated thus far). Returning to the random-walk argument, the walk need not be over the full 360°. For example, a random jump between two positions in the xy plane 90°apart leads to Eq. (4). Regardless of the argument, it should be kept in mind that this equation is only an approxi mation; as indeed must be the case for motion as complex as that occurring in the inclusion crystals. The information regarding this motion obtained from the a-proton coupling constant is obviously restricted. The fact that the lines are broadened when the magnetic field is in the xy plane suggests that the amplitude of the C2-H,* bond is large but does not correspond precisely to This is also the case for the methyl group of the 3-undecanone radical and for these two radicals the usual expressionrelating the spin density to the^-proton coupling constants reduces to a^= (5/2)pC2T, where ao" is the isotropic component of the /3-proton coupling constant and 5/2 is a proportionality constant.11 The experimental value of aP contains an anisotropic compo nent as well as the isotropic component and these two contributions must be separated before this equation can be used to obtain pC2\ Fortunately, the anisotropic component is small and, therefore, the method employed to extract ckP is not critical.
Heller12 has observed that, for the CH3C(C02H)2 radical, the anisotropic components of the /3-proton hyperfine coupling constants are adequately described by the Hamiltonian 3Cd= -g | /3 | fiw8jr7\i(l-3 cos'a) SHIH.
In Eq. (5) If we take pC2'r=0.90±0.04 for these two radicals, then a good estimate of Bd is ( -)2.9±0.6 Mc/sec.
For the included radicals,14 the a-proton tensor ele ments are averaged in the xy plane and this requires a motional averaging of the C2-C3 bond positions in the tubular cavities. If the motions of these radicals are again taken to be free rotation, large-amplitude (equal-probability) motion or a random jumping motion, Eq. (5) yields
ao"=pC2-(5/2)= §(2ai/+a/),
where axlf and a/ are the /3-proton coupling constants with the magnetic field perpendicular and parallel to the 3 axis, respectively, and 9 is the angle between the C2-C3 bond and the z axis. Using Eq. (8) and the data of 14 The signs of the coupling constants are not determined from the experiments reported here and all proton coupling constants are listed as their absolute values. The isotropic components of the a-and /3-proton coupling constants of very similar radicals are known to be negative and positive, respectively. agreement with the value of 0.82 obtained from the a-proton coupling-constant data.
From Eqs. (6) and (7) and a value for 6we may also estimate the anisotropic component of aP. If the C-Ha bond and the axis of the 2p orbital on C2 lie in the xy plane and the c bonds involving C2 are sp2 hybridized, then the most probable value of 8 is readily seen to be 30°. (These requirements are, of course, more stringent than those used in obtaining pC/.) Taking 0=30°and pC2T=0.79, Eqs. (6) and (7) give a/~62 Mc/sec and ax/~60 Mc/sec which are in agreement with the data of Table I ."
c. Effects of Temperature Changes on the ESR Spectra
The principal question remaining is whether the above experimental value of pC2T is a meaningful quantity associated with this class of aliphatic ketone radicals, or whether this spin density is a temperaturedependent function of intramolecular motion about the C2-Ci bonds. In the case of two included ester radicals, the ethyl heptanoate radical and the octyl propionate radical, it was possible to obtain well-resolved spectra over the wide temperature range from roughly 340°to 7CK.1 The ester a-proton coupling constants, and hence pC2T, were observed to be independent of temperature over this entire range within experimental error. The ester /3-proton coupling constants changed gradually with temperature due to temperature-dependent motion about the C2-C3 bonds. For the ketone radicals it was not possible to completely resolve the ESR spectra over this wide a range of temperatures. However, some data in addition to that presented in Table I were obtained over limited temperature ranges both above and below room temperature. For example, well-resolved xy and 3 ESR spectra were recorded for the 3-tetradecanone-urea crystals at 313°, 323°, and 333°K. (We refer to spectra obtained with the magnetic field in the 16 The spin density on Carbon Atom 1 may be estimated by a similar procedure providing one assumes that or= (B/2)pCiT where B is the same for the /3 and f protons. As before, only radi cals having rotating (f proton) methyl groups and known orien tations will be useful for this purpose. From the data of Table I , the three radicals derived from 2-nonanone, 2-undecanone, and 2-dodecanone are all seen to have the three equivalent f-proton coupling constants characteristic of a rotating methyl group. For the most probable conformations of these radicals, the orientation of the C1-C4 bonds are inclined at approximately the same angle from the crystalline z axis (tubular axis) as are the C2-C3 bonds of all six ketone radicals. The relative isotropic and anisotropic components of the three f-proton coupling constants obtained from the 2-nonanone, 2-undecanone, and 2-dodecanone radicals will, therefore, be approximately the same as those of the three /3-proton coupling constants obtained from the 3-tetradecanone and 3-undecanone radicals. Assuming this to be the case, pCi" (ketone) -pCi' (ketone) X a/ (ketone)/a/ (ketone) = ±0.07. Or, from similar geometrical considerations of the pre viously investigated octyl propionate ester radical (for which p=0.90±0.04), pCi* (ketone)^pC2' (ester) X a} (ketone) Iof (ester) ==±0.07. The agreement in these two values of pCi* is encouraging. A detailed knowledge of the orientations of these radicals is not necessary because the anisotropy of cfi (and a? in this approximation) is small. The sign of pCiT relative to pC2* cannot be determined from these experiments. The value of ±0.07 may be subject to revision when the effect of the offdiagonal elements of the spin-density matrix are considered.
xy and z crystalline directions as xy and z spectra, respectively.) Well resolved xy and s spectra were also recorded for the 6-undecanone and 2-dodecanone radi cals at approximately 333°K. The a-proton coupling constants derived from these data are the same as those of Table I within the estimated experimental error of ±2 Mc/sec. At these temperatures the spectra recorded with the magnetic field in the xy plane were isotropic with respect to rotations of the magnetic field in this plane, and spectra for all orientations of the magnetic field were symmetric.
The x-irradiated 6-undecanone-urea crystals were cooled from room temperature to 30°K. Both the xy and 3 spectra changed gradually with temperature, and the xy spectra began showing signs of asymmetry below 270°K. At 77°K the xy spectra were anisotropic with respect to rotations of the magnetic field in the xy plane. The features of these anisotropic spectra were repeated at intervals of 60°in the xy plane, and at no other orientations of the magnetic field. As with the ester radicals, this observation supports the assump tion that the crystals are hexagonal and that the z directionlies along the crystallographic c axis. Although no coupling-constant data were obtained from the asymmetric xy ESR spectra, approximate coupling constants were measured from the symmetric 6-un decanone radical z spectra for temperatures down to 190°K. Over this range, a," was independent of tem perature within an estimated experimental error of ±4 Mc/sec, which suggests that pC/ is temperature independent (over this temperature range). Below 190°K the z spectra were sufficiently broadened and unresolved to prevent measurement of the coupling constants. There was, however, no indication of any major changes in the magnitude of aza from 190°to 30°K. Below 50°K there was very little change in the general features of the spectra obtained with the mag netic field either parallel or perpendicular to the z axis of the 6-undecanone-urea crystal. All of the above temperature effects on all ketone radical spectra were reversible.
The data of Table I provide adequate evidence that the spin-density distribution is independent of the length of the ketone molecule and the exact position of the carbonyl group in the chain (and therefore of the precise conformation of these radicals in the tubular cavities). In addition, the above ESR data, recorded over a range of temperatures, strongly suggest that pC2T is independent of temperature. Therefore, with reasonable certainty, the value 0.81±0.08 repre senting the average of the values obtained from the aand /?-proton coupling-constant data may be taken to bea meaningful property ofthisgeneral class ofaliphatic ketone radicals. The estimated error of ±0.08 reflects the variations among the possible choice for B and Q as well as the approximations in the formulas used and the limits of experimental accuracy.
Before proceeding to the molecular orbital calcula tions it is advisable to consider the 7r-electron assump tion in greater detail. McConnell, Heller, Cole, and Fessenden have shown that the radical CH(C02H)2 is a x-electron radical; the odd electron spin is largely localized in an orbital antisymmetric to reflection in the plane containing three carbon atoms and the ahydrogen atom.6 Other dicarboxylic acid radicals and alkyl radicals having both a and 0 protons interacting with the unpaired spin are also known to be x-electron radicals.10,11 Since the magnetic properties of the ketone radicals are so similar to those of the acid and alkyl radicals, the ketone radicals are almost certainly irelectron radicals. The g values of the ketone radicals are quite similar to those of the acid and alkyl radicals. The isotopic coupling constants at? and a$ are also consistant with the known x-electron proton coupling constants. Turning now to the anisotropic components of the proton coupling constants, we note that if the Carbon Atom 2 is sp2 hybridized then the C2-Ha bond lies in or near the crystalline xy plane. This follows from the fact that the "walls" of the tubular cavities restrict the possible orientations of the long straightchain molecules. Smith4 has found using x-ray crystallo graphic techniques that the included w-hydrocarbons exist in a time-averaged extended zigzag conformation (this would place the C2-Ha bond of the corresponding RCHR x radical in the xy plane). In I it was shown that the C2-H« bonds of the carboxylic acid radicals are approximately in the xy plane by comparing the axy" and aza of these radicals with the known principal elements of the a-proton tensor. Extending these arguments to the ketone radicals, the ratio of axya (ketone)/^/ (acid or ester) is 0.93 and the ratio of aza (ketone)/o," (acid or ester) is 0.92. These two ratios are the same within experimental error which implies a similar averaging of the tensor elements in all three radical systems. The very small ketone^-pro ton coupling-constant anisotropy has already been shown to be consistant with this radical orientation and hybridization. All of the data are therefore con sistant with the x-electron model assumed both in obtaining the experimental value of pC2T and in the following calculations.
MOLECULAR ORBITAL CALCULATIONS OF SPIN DENSITY
The spin densities were calculated using the Hiickel theory16 and the method of McLachlan.17 For these molecular orbital calculations the nuclear framework of the ketone radical is represented by the structure in which all atoms shown are coplanar. The unpaired spin density is extended over C2, Ci, and the oxygen atom, and each of these three atoms contributes one electron to the w system. In the Huckel molec ular orbital method the two parameters relating «o and /?co to «c and /fcc are defined by the equations h=(a0-ac)/Pcc and k^ffao/ffac. The one-electron wavefunctions are obtained by the usual variational procedure and the spin densities are given by the squares of the coefficients of the half-filled molecular orbital. The spin densities are, of course, a function of the two parameters h and k. In order to obtain the best over-all view of the method, the range of h and k values used here is much larger than the usual range employed in Huckel calculations.
The results for pC2* are summarized by the solid lines of Fig. 4 . It is interesting to note that the spin density is quite insensitive to variations in h and it is very sensitive to changes in k. Even though only one spin-density site is being considered (and hence a unique pair of h and k is not obtained), this insensitivity to h makes possible an estimation of k. If h is constrained to the liberal range of 0.7<A<2.0 then £~2.0±0.3. This value compares favorably with £~1.6 reported by Vincow and Frankel18 for a series of semiquinone anion radicals. Both of these values, however, are somewhat higher than the range 0.8<£<1.4 most frequently employed16 in the determination of properties 18 G. Vincow and G. K. Fraenkel, J. Chem. Phys. 34, 1333 (1961) . See also: P. H. Rieger and G. K. Fraenkel, ibid. 37, 2811 (1962); R. Dehl and G. K. Fraenkel, ibid. 39, 1793 (1963) .
(other than spin densities) of compounds containing carbonyl groups.
McLachlan has obtained approximate spin-density formulas from considerations of the perturbed selfconsistent field theory. In the simplest form of McLachlan's approximate method the spin density is given by Pr'=Crf»-X2>flC1o»,
where 7rrs and Cro2 are the atom-atom polarizabilities and spin densities, respectively, calculated from the Huckel theory, and Xis a semiempirical constant which we will take equal to 1.10. The values of pC^obtained by this method are given by the broken lines of Fig. 4 . Equation (9) 
